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1 Introduction 
Connectivity between fragmented habitat patches has long been acknowledged as important 
for biological conservation (Noss et al. 2012; Bennett 2003; Collinge and Forman 1998; 
Henderson et al. 1985) and ecosystem health (Farina 2000). It is even more important in 
highly modified landscapes such as urbanised landscapes. These landscapes are often 
heterogeneous in structure, and fragmentation in habitat patches may result from increased 
urbanisation. Within and around cities, ecological connectivity between fragments of habitats 
enhances the dispersal of species and thereby their long-term viability (Wheater 1999; Hamer 
and McDonnell 2010). Due to the importance of ecological connectivity, the concept has 
been applied frequently in different studies resulting in a large number of approaches for 
measuring and quantifying different aspects of connectivity (Kindlmann and Burel 2008). 
The consequences of choosing which metrics and approaches to use in a given situation is 
problematic, due to the relative dearth of systematic analyses where the suitability and 
effectiveness of different measures are compared (Bennett 2003).  
Among the approaches for quantifying connectivity, the application of ‘graph theory’ has 
shown promise (Urban and Keitt 2001; Galpern et al. 2011; García-Feced et al. 2011). Graph 
theory is a mathematical theory used for modelling the relationship between individual 
entities. It consists of finite sets of nodes (or vertices) and links (or lines) (Harary 1969) 
where the nodes represent the entities and the links represent their relationships. Conservation 
ecology has utilised graph commonly for the assessment of connectivity, and the 
fundamentals of the theory are well-presented in several connectivity studies such as Urban 
and Keitt (2001), Urban et al. (2009), Dale and Fortin (2010) and Galpern et al. (2011).  
Large numbers of measures have been developed to address various aspects of connectivity 
within graph theory (Cantwell and Forman 1993; Urban and Keitt 2001; Pascual-Hortal and 
Saura 2006; Rothley and Rae 2005; Vasas et al. 2009) and a thorough review of these metrics 
is provided by Rayfield et al. (2011). Despite this number, few have been comparatively 
tested with respect to their sensitivity to different components within the network (Pascual-
Hortal and Saura 2006; Saura and Pascual-Hortal 2007; Magle et al. 2009; Baranyi et al. 
2011). Generally, connectivity metrics provide information on connectivity at either the 
‘node scale’ or the ‘network scale’. Network scale metrics provide a single scalar value that 
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represents some aspect of connectivity for the network as whole, whereas node scale metrics 
provide values for each vector linking a node in the network. Node scale metrics allow the 
contribution of each node to the overall network connectivity to be assessed. Node scale 
information can also be obtained from network scale metrics by using a “node removal 
algorithm” (Keitt et al. 1997; Pascual-Hortal and Saura 2006; Urban and Keitt 2001). This 
technique involves recalculating the network scale metric multiple times with each node in 
the network removed in turn.   
Node scale metrics, such as centrality metrics, have been applied to identify the significance 
of individual habitat patches in connectivity studies (Bodin and Saura 2010; Bodin and 
Norberg 2007; Carroll et al. 2012; Estrada and Bodin 2008).  Among centrality metrics, BC 
has been shown to be useful for determining the importance of each node in terms of the 
traversability of the network (Estrada and Bodin 2008). Patches with a high BC  score are 
more likely to act as important stepping stones for dispersal of a species across the landscape 
(Baranyi et al. 2011). Degree centrality (DC) is another centrality metric which has the 
potential to reveal information on the connectivity of a given patch to the adjacent patches at 
the local scale. Centrality metrics have been shown to be applicable to networks where the 
links are equally weighted (called an “unweighted network”) as well as networks where the 
links are assigned different weights (a “weighted network”) (Opsahl et al. 2010). 
Connectivity metrics can either be labelled as “topological” or “ecological” depending on the 
types of variables that are incorporated. Topological metrics, which include centrality 
metrics, originate from the mathematical concept of graph theory and network analysis.  
These metrics consider the spatial arrangement and configuration of nodes throughout a 
network. Ecological metrics, however, have grown out of meta-population theory and 
conservation biology (Rayfield et al. 2011) and specifically address the ecological values 
associated with habitat networks. Area-based metrics are an example from this group and 
identify the importance of habitat patches solely based on their structural values such as size, 
shape and quality (Ferrari et al. 2007; Urban and Keitt 2001).  
Identifying habitat patches that play an important role for ecological connectivity in a highly 
modified landscape is a priority for conservation programs aimed at habitat protection and 
restoration (Bennett 2003; Lindenmayer and Hobbs 2007; McIntyre and Hobbs 1999). Such 
knowledge of the connectivity structure of habitats within urban and peri-urban landscapes 
provides an important basis for advancing conservation efforts. To achieve a realistic 
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assessment of connectivity for urban landscapes where particular species can venture into 
non-habitat areas, responses to moving through the landscape for each species is required 
(Goodwin, 2003; Kindlmann and Burel, 2008). These responses can be measured in terms of 
the “cost of moving” from one location to another using ecological measures. The species 
moving responses to the landscape structure refers to the cost of species movement; species 
movement characteristics, and habitat preferences which are addressed by ecological metrics. 
Building weighted networks based on effective distances, distances that incorporate barriers 
such as roads and rivers, rather than the Euclidean distances, yields more biologically 
rigorous results in connectivity studies (Magle et al. 2009; Foltête et al. 2012; O'Brien et al. 
2006).  
In order to incorporate both topological and ecological aspects when ranking habitat patches 
based on their contribution to connectivity, this study uses another group of metrics called 
"integrated metrics". Integrated metrics firstly reweight the links in the network using 
ecological metrics for species dispersal, and then recalculate the topological metrics using 
this weighted network.  
To examine the implication of using integrated metrics, this study analytically compares a 
selected number of graph-based connectivity metrics according to the way they prioritize 
habitat patches in an urban context. The eight selected metrics tested are classified into one of 
the three groups: ecological, topological and integrated metrics and are discussed more fully 
in section 2.4.  All eight metrics were applied to the network of habitat patches for the fat-
tailed dunnart, a threatened mammal species within Greater Melbourne, Australia 
(Department of Sustainability and Environment 2007).  
2   Material and Methods 
2.1 Study area 
Melbourne is located at the northern end of Port Phillip Bay on the Victorian coastline. The 
extent of the study area for which connectivity was assessed is shown in Figure 1. The total 
area is 6320 square kilometres and extends 98.7 kilometres from north to south and 116.5 
kilometres east to west. The area incorporates 30 local government municipalities and 
includes the Urban Growth Boundary established by the Victorian State Government in 2002 
(Department of Planning and Community Development 2002). The locations between the 
Urban Growth Boundary and the outer boundary of the study area are considered as the 
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“urban fringe”. This area contains important habitat for multiple species  threatened by 
habitat clearing and fragmented from urban development (Hahs and McDonnell 2006).  
Melbourne was recognised internationally as the most liveable city in the world in 2011 (The 
Economist Intelligence Unit 2011). However, the consequences of urbanisation have resulted 
in a long list of Victoria’s flora and fauna species being identified as threatened (Department 
of Sustainability and Environment 2009a, 2007), many of which are found throughout the 
study area. With ongoing urbanisation, and the possible impact on habitat, reserves and 
biodiversity (Gordon et al. 2009; Department of Sustainability and Environment 2009b), it 
has become necessary to conserve these threatened species through careful management of 
remanent habitats (Victorian Environmental Assessment Council 2010). Improvement of 
ecological connectivity is an important component of the activities being undertaken to 
enhance the condition of flora and fauna.  
 
Fig. 1 Study area. (a) The location of the study area in Melbourne, Australia. (b) 
The extent of the study area (hatched region) in relation to Greater Melbourne 
and its Urban Growth Boundary 
 
2.2 Target species 
Connectivity measures for the habitat patch network of the fat-tailed dunnart (Sminthopsis 
crassicaudata) were applied to the study area. The fat-tailed dunnart is a small nocturnal 
mammal distributed in central and southern Australia (Figure 2). The species is insectivorous 
and forages to find invertebrates in open spaces and shelters under logs or rocks in open 
shrub lands (Frey 1991). The species prefers open grassland habitats (Morton 1976) such as 
tussock and hummock grassland and rough pasture (Menkhorst and Kenight 2001). These 
open grasslands are found extensively throughout the northern and western parts of the study 
area. The fat-tailed dunnart is a mobile terrestrial forager. In some cases distances of up to 
400 metres per day have been recorded (Read 1984). Populations of the fat-tailed dunnart 
still survive in unimproved pasture throughout Victoria (Menkhorst and Bennett 1995). 
However, the species is listed as ‘near threatened’ in the advisory list of Victoria (Department 
of Sustainability and Environment 2007) and is affected by a loss of connectivity in its 
network. The connectivity of the fat-tailed dunnart’s habitat patch network is an important 
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factor in the long-term viability of the species is in the study area (Victorian Environmental 
Assessment Council 2010).  
 
Fig. 2 Fat-tailed dunnart (Sminthopsis crassicaudata); photography by Peter 
Menkhorst, 2007. 
 
2.3 Construction of the habitat network for the fat-tailed dunnart 
The habitat map for the fat-tailed dunnart was prepared from data provided for a 
conservation zoning analysis and has been previously utilised by Gordon et al. (2009). The 
habitat patches for the species were derived using expert knowledge. This was done via 
workshop with experts held by the Victorian Government’s Department of Environment and 
Primary Industries to determine the land uses, vegetation and wetland preferences for the 
dunnart (Gordon et al. 2009). Through a questionnaire experts were asked to define those 
areas that should be excluded from being habitat for the species. By combining these inputs, a 
binary raster map of potential habitat/non-habitat for the dunnart was obtained at a 20 metre 
resolution. As the approach in generating this map was somewhat precautionary, there were a 
number of instances where pixels classified as suitable habitat were intersected by conflicting 
land use such as industrial zones, residential zones, or infrastructure such as freeways and 
highways. These land use types were removed from the derived dunnart habitat raster. From 
the raster layer, a ‘Nearest Neighbour Algorithm’ was then applied, to derive individual 
habitat patches for the dunnart. The habitat patches for the dunnart were then geographically 
located throughout the North, North West and the West of the study area.  
Each habitat patch was reduced to a “node” in the network. The centroid was derived for each 
patch and used to determine the spatial location of each node. Initially, links were generated 
to connect one node to the next (see below). These links were non-directional and weighted 
by the Euclidean distance between patches. 
Using a questionnaire followed up with interviews, expert opinions were sought on factors 
that impede or assist the movement of the dunnart from one location to another. Factors 
included transport facilities (roads and train lines), native vegetation, hydrology (lakes, rivers 
7 
 
and dams) and different land use. Slope and elevation throughout the study area were 
considered negligible. Digital vector maps for each of these input factors were obtained from 
the Victorian Department of Sustainability and Environment. Each layer was then converted 
to a raster layer with a 20 metre resolution. Using expert opinion, each raster was then ranked 
from 1, indicating 'very low resistance' to 100, indicating ‘absolute resistance’. This ranking 
is explained more fully in Beier et al. (2008). Each of the ranked rasters were then combined 
by taking the maximum value of each pixel over the set of input layers in order to generate a 
maximum “resistance layer”. The resultant resistance layer was a GIS raster in which the 
resistance values ranged between 1, referring to the least resistant areas of the landscape, and 
100, referring to the areas most resistant to movement.  
The steps involved in the construction of the links are illustrated in Figure 3. In order to 
develop the links, the Linkage Mapper extension for ArcGIS was used (McRae and Kavanagh 
2011). Linkage Mapper was developed to automate mapping of wildlife habitat corridors. As 
part of its process, the software generates the links for a network of habitat patches. For each 
link, the software assigns a weighting, called the effective distance, in order to determine the 
least cost path from moving from one node to another (Adriaensen et al. 2003). The weights 
were generated by summing each of the cell values that a particular link passes through. 
Links that were greater than 1000 metres were removed as this distance is considered, from 
the literature and expert opinion, as the maximum dispersal distance for the dunnart within its 
lifetime. The software establishing the links for a species network by linking each node to its 
adjacent nodes (McRae and Kavanagh 2011). 
  
Fig. 3 The steps used for constructing the graph-based connectivity model for the 
fat-tailed dunnart: (a) the resistance layer (b) the generation of a link network 
weighted by Euclidean distance (c) the generation of least-cost paths based on the 
resistance layer and habitat patches for the species and (d) weighting the link by 
the cost weighted distance of the associated least cost path 
 
Applying Linkage Mapper, the 20 metre cell resolution for determining the least cost path for 
the entire study area proved to be a computational ‘bottleneck’. Therefore the cell size for the 
final resistance layer was aggregated to 60 metres. A number of smaller habitat zones with 
less than the 60 metre resolution were eliminated by this process. This was only 0.2 percent 
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of the minimum viable size of habitat area of the dunnart and was therefore considered 
insignificant.  
2.4 Prioritizing habitat patches using connectivity metrics 
Two of the eight metrics compared are topological metrics called BC and DC.  Two other 
metrics called area and delta C are considered ecological metrics.  The remaining four 
metrics, called integrated metrics were BC and DC, which were each recalculated after the 
link weights in the network were determined by the probability of dispersal and dispersal flux 
algorithms. 
The significance of each node was determined by applying the eight metrics to the fat-tailed 
dunnart habitat patch network. Each of the metrics is explained in detail in the following 
section. 
2.4.1 Topological metrics 
The two centrality metrics selected for comparison with the other metrics were BC and DC. 
These metrics have been shown to provide distinct information on the connectivity 
contributions of a given node at different scales (Estrada and Bodin 2008). The metrics 
produce a vector containing the scores of each node in the network. Centrality metrics are 
based purely on topology and are not associated with the ecological value of a patch and its 
neighbours. The DC of node i is simply defined as the number of links attached to it (Estrada 
and Bodin 2008). The BC of a node k, is defined as the proportion of shortest paths between 
each pair of nodes in the network that pass through node k (Freeman 1978):  
𝐵𝐶 = ∑ ∑ %(',),*)%(',*)		*' 			𝑖 ≠ 𝑗 ≠ 𝑘. (Equation 1) 
Here BC stands for Betweenness Centrality,	𝑝(𝑖, 𝑗)	refers to the number of shortest path 
between node i and j and p(i,k,j) refers to the number of shortest paths between node i and j 
that pass through node k.  
Centrality metrics were applied to the network for the fat-tailed dunnart using the tnet 
package within the statistical software R (Opsahl et al. 2010). The tnet package includes a 
tuning parameter α, which determines the extent to which link weights are included in 
network metric calculations. Setting 𝛼 = 0 results in the link weights being ignored while 
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values of 𝛼	 > 0 determine the extent to which the link weights should be included in the 
calculation. For the BC and DC calculations, α was set to 0.  
2.4.2 Ecological metrics 
The metrics Area and C were chosen as the ecological metrics to rank the habitat patches 
based on their significance for connectivity. The metric Area identifies the significance of a 
habitat patch based purely on its area, without any reference to its inter-patch connectivity. 
Metric C is a network scale metric which produces a scalar value representing the 
connectivity score of the whole network. The metric refers to the overall connectivity of the 
network as the sum of the connectivity between individual pairs of nodes (Mastisziw and 
Murray 2009). For this study the total connectivity of the network (C) was calculated as  
𝐶 = 55𝑎'7*7' × 𝑎* × 𝑝'* 									𝑖 = 𝑗. (Equation 2) 
 Here C is the connectivity of the entire network, a refers to the area of the individual patches 
i and j, and 𝑝'*	is the probability of dispersal between patches i and j. The probability of 
dispersal and is defined as an exponential decay function of the effective distance between 
two patches (Hanski 1994, 1997; Urban and Keitt 2001; Pascual-Hortal and Saura 2006) 𝑝'* = exp=−𝑘. 𝑐𝑤𝑑𝑖𝑠𝑡'*D (Equation 3) 
where k is a constant and	cwdistKL refers to the cost weighted distance along the least-cost 
path between patches i and j. The value of the k was estimated by using the assumption that 
the probability of dispersal is 0.05 when cwdist equals its maximum value (Saura et al. 2011).  
The node removal algorithm (see Introduction) was used to obtain an estimate of the 
contribution of each node to the total connectivity score of the network calculated by metric 
C. The contribution of the ith node is indexed as delta C (dC) and is given by: 
𝑑𝐶' = MNMOM × 100.         (Equation 4) 
Here, C is the connectivity value from the network scale metric with all nodes present and 𝐶' 
is the value with node i removed. Thus nodes that make a larger contribution to the overall 
network connectivity will result in larger values of 𝑑𝐶'. 
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2.4.3 Integrated metrics 
The centrality metrics were applied to the weighted version for the fat-tailed dunnart habitat 
patch network. The links were weighted using the probability of dispersal (𝑝'*) given in 
Equation 3 (Hanski 1994, 1997) and dispersal flux (𝑓𝑙𝑢𝑥'*) (Urban and Keitt 2001). 
Dispersal flux (henceforth referred to as simply flux) between a pair of habitat patches i and j 
is a function of their area and the probability of dispersal between them: 𝑓𝑙𝑢𝑥'* = 𝑎' × 𝑎* × 𝑝'*.      (Equation 5) 
Here 𝑎' and 𝑎* refer to the area of the habitat patches i and j, and 𝑝'* refers to the probability 
of dispersal between them. The network that is weighted by probability of dispersal is termed 𝐺% and the network weighted by dispersal flux is termed 𝐺VWXY . 
The metrics BC and DC are then applied to the networks with the links weighted by the 
probability of dispersal (𝐵𝐶%, 𝐷𝐶% ) and also with the links weighted by the dispersal flux 
(𝐵𝐶VWXY, 𝐷𝐶VWXY ) using the tnet package (Opsahl et al. 2010). In this case α was set to 0.5 to 
allow both the number of links attached to a given node and the weights of those links to 
count equally when estimating centrality metrics (Opsahl et al., 2010). Using these weighted 
networks allowed a more ecologically realistic estimation of a habitat patch’s importance to 
dispersal.  
Applying each of the eight metrics in turn allows the nodes in the network to be ranked 
according to the score assigned to them by each of the metrics. The most highly ranked nodes 
were then expected to be more important for the connectivity of a set of habitat patches, and 
so could be used to prioritize the maintenance of habitat connectivity and other conservation 
objectives. The correlation of the rankings for each of the nodes resulting from the 
application of the eight metrics was quantified using the Spearman’s Rank Correlation 
Coefficient. The metric values assigned to the nodes were then able to be associated with each 
habitat patch for the fat-tailed dunnart. The geographical locations of highly ranked habitat 
patches (top 20 percent) were then compared to examine differences between the metrics. 
This enabled an examination into how the selected metrics differed in their predictions of the 
geographic location for important patches in the study area.  
3   Results 
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3.1 Construction of the habitat network for the fat-tailed dunnart 
An undirected network was developed for the fat-tailed dunnart in which nodes were linked 
to the adjacent nodes and the links were weighted by the effective distance (cwdist) of the 
corresponding least-cost path between them. The general characteristics of the resulting 
network are summarised in Table 1. The mean degree of the network nodes (the number of 
links directly attached to the given node) was 6.4 with a minimum node degree of one and a 
maximum of 41.  
Table 1 Characteristics of the fat-tailed dunnart habitat patch network 
 
Network characteristics  
  
Number of nodes 1309 
Number of links 4196 
Mean degree of nodes 6.4 
Maximum degree of node 41 
Minimum degree of node 1 
Mean Euclidean distance between the nodes (edge-to-edge) (metres) 878.7 
Maximum Euclidean distance between the nodes (metres) 27220 
Minimum Euclidean distance between the nodes (metres) 60 
Mean effective distance between the nodes (edge-to-edge) 13652 
Maximum effective distance between the nodes 106452 
Minimum effective distance between the nodes 120 
 
3.2 Measurement of the importance of species habitat patches 
When the probability of dispersal was used to weight the links, only 40 percent of the links 
had a weighted value greater than zero. The remaining links had a length greater than the 
estimated maximum dispersal ability of the dunnart (1000 meters) and their weight was set to 
zero meaning they were not processed by the software. In this process 186 nodes become 
entirely disconnected from the rest of the network and are termed ‘isolated’ nodes. The ratio 
of isolated nodes to the total is 0.14.  
Applying the eight metrics to the habitat patch network of the fat-tailed dunnart allowed the 
nodes for the network to be ranked by each metric. The correlation between each metric’s 
rankings of the node scores is shown in Table 2.  
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Table 2 Statistical comparison of the ranking of the habitat patches for the fat-
tailed dunnart by applying the eight different metrics. 𝐵𝐶 and 𝐷𝐶 shows the 
application of metrics when the weights of the network is ignored. 𝐵𝐶% and 𝐷𝐶% 
shows the application of the metrics on the network weighted by probability of 
dispersal and 𝐵𝐶[WXY and 𝐷𝐶[WXY indicates the case that the network is weighted 
by flux. Correlations were calculated using the Spearman’s rank correlation 
coefficient (rho). 
 
  Ecological metrics Topological metrics Integrated metrics 
  Area 𝑑𝐶 𝐵𝐶 𝐷𝐶 𝐵𝐶%  𝐵𝐶[WXY  𝐷𝐶%  𝐷𝐶[WXY  
          
Ecological 
metrics 
Area  0.90 0.562 0.547 0.570 0.567 0.533 0.744 𝑑𝐶   0.571 0.659 0.565 0.520 0.668 0.917 
Topological 
metrics 
𝐵𝐶    0.795 0.872 0.780 0.713 0.641 𝐷𝐶     0.730 0.610 0.943 0.807 
Integrated 
metrics 
𝐵𝐶%       0.80 0.681 0.618 𝐵𝐶[WXY        0.562 0.52 𝐷𝐶%         0.812 𝐷𝐶[WXY          
 
The correlation analysis revealed both differences and similarities in the way the habitat 
patches of the fat-tailed dunnart are ranked by metrics within the classes of the ecological, 
topological and integrated metrics (Table 2). Comparison of the correlation between classes 
revealed that ranking from the ecological metrics had a relatively low correlation with the 
ranking from the topology metrics. The strongest correlation between metrics of those two 
classes was between delta C and 𝐷𝐶, with a rho of 0.659. The correlation of the habitat patch 
rankings based on the application of ecological class and integration class was still low; 
however, application of 𝐷𝐶[WXY showed a relatively higher correlation with area of patches 
(rho = 0.744). There was also a high correlation between the results from the application of 
delta C and 𝐷𝐶[WXY with the rho of 0.917.  This high correlation of results is due to the 
similarity between the method on which the node removal algorithm and degree centrality 
13 
 
rank habitat patches combined with the fact that delta C and 𝐷𝐶[WXY both incorporate the area 
of habitat patches in their calculations. 
In line with Baranyi et al. (2011), the results from this study show that ranking of nodes 
based on BC either by weighting the links by probability of dispersal or 𝑓𝑙𝑢𝑥 were different 
from the ranking of nodes based on delta C ( rho of dC and 𝐵𝐶% = 0.565 , rho of dC and 𝐵𝐶[WXY = 0.520 ). When using BC, patch area was not included and the node ranks were based 
purely on the topology of the network and therefore the spatial distribution of the habitat 
patches played an important role. Even when comparing 𝐵𝐶[WXY and dC, the correlation was 
relatively low even though both metrics incorporate the patch area in their calculations.  
Comparing the topological and integrated metrics showed relatively high correlations (Table 
2). Results from the application of BC and DC were highly correlated when the metrics were 
applied to the network weighted by probability of dispersal (for BC and 𝐵𝐶%, rho = 0.872; for 
DC and 𝐷𝐶%, rho = 0.943). This correlation becomes lower when the network is weighted by 
flux (for BC and 𝐵𝐶[WXY, rho= 0.780; for DC and 𝐷𝐶[WXY, rho  = 0.807). This is due to the 
influence of the area of habitat patches used in the flux calculation, which is incorporated into 𝐵𝐶[WXY but not into BC. Thus compared to the probability of dispersal, the incorporation of 
the area of patches in flux calculation has a larger influence on the above mentioned 
correlations. 
3.3 Geographical location of the highly ranked habitats 
The eight metrics were applied to spatially rank the locations of the habitat patches of the fat-
tailed dunnart, as this could be used for prioritizing areas for conservation activities. This 
prioritization is shown for the metrics 𝐷𝐶[WXY and 𝐵𝐶% and revealed the majority of the habitat 
patches with the greater contribution to habitat connectivity are geographically located at the 
margins of the study area (Figure 4). The urban fringe has greater coverage of native 
vegetation and larger habitat patches that potentially provide more suitable habitat for the 
species. By contrast, inside the Urban Growth Boundary the landscape is highly modified and 
more resistant to species movement, and so the habitat patches are contributing less to 
connectivity of the habitat patches. Figure 4 shows the patches ranked in the top 20 percent in 
dark green, which includes 262 out of the total 1309 patches. The application of 𝐷𝐶[WXY 
showed farmlands in the north and in the south west near the bay as important to habitat 
connectivity (Figure 4, part a).  Inside the Urban Growth Boundary, habitat patches near the 
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northern edge are ranked in the top 20% by 𝐷𝐶[WXY. Applying 𝐵𝐶% on the dunnart’s network 
revealed that the farms and pastures in the north are also valuable in terms of their role as 
stepping stones or for movement of species (Figure 4b). Inside the Urban Growth Boundary 
the patches near the northern edge are recognised important stepping-stones for the species 
network. A number habitat patches ranked highly by 𝐷𝐶[WXY  were assigned lower ranks when 
applying 𝐵𝐶%. Those habitat patches were located in north, northwest, west and near the edge 
of Urban Growth Boundary at the centre of study area.  
Fig. 4 The ranking of habitat patches for the Fat-tailed Dunnart in relation to their 
geographical locations and the Urban Growth Boundary. The dark green patches have highest 
ranks as calculated by (a) 𝐷𝐶[WXY (b)𝐵𝐶%. The ranking of nodes are rescaled to vary from 1 to 
100. 
 
Using the 𝐷𝐶[WXY metric, the five top ranking patches cover 20 percent of the total area of 
species habitat within the study area. This is in contrast to using the 𝐵𝐶%, where for the same 
area the top 24, rather than just five, are incorporated. In fact the patches ranked in the top 20 
percent, based on 𝐷𝐶[WXY and 𝐵𝐶% cover 88.6 % and 75 % of total area of species habitat 
respectively. This confirms the higher association of 𝐷𝐶[WXY with area of habitats compared 
to the metric 𝐵𝐶%. Within the top 20 percent of patches, there was an overlap of 153 patches 
that were identified by both 𝐷𝐶[WXY and 𝐵𝐶%. For the remainder of the top 20% there were 
109 patches that differed between the two metrics (Table 3). 
 
Table 3 The overlap in the number of patches ranked in the top 20 % and bottom 80% based 
on the application of metrics 𝐷𝐶[WXY or 𝐵𝐶% 
 Number of 
common 
patches 
identified 
Number of 
different patches 
identified 
20% 153 109 
80% 109 938 
 
4   Discussion  
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The application of the three classes of metrics to the network of habitat patches for the fat-
tailed dunnart revealed that some of the metrics provide overlapping information whereas 
some others differ in the way they rank habitat patches. There is a high correlation between 
the results from delta C and 𝐷𝐶[WXY that suggests that potentially 𝐷𝐶[WXY  might be a useful 
surrogate for delta C when ranking the nodes based on their contribution to connectivity. The 
metric 𝐷𝐶[WXY identifies the patch significance based on its area, the probability of dispersal 
between adjacent patches and the number of weighted links attached to the patch. Thus 𝐷𝐶[WXY aggregates multiple types of information within the one metric, making it a useful 
metric to apply to ranking the habitats within the heterogeneous urban landscapes.  
In this study the metric 𝐵𝐶% was shown to have a high correlation with the BC applied to the 
unweighted network. 	𝐵𝐶% allows the assessment of patch importance based on topology of 
patches as well as probability of dispersal between patches, therefore is a suitable metric to be 
applied on the species network in heterogeneous urban landscape. However, compared to 𝐵𝐶%, BC is easier to calculate. This is because 𝐵𝐶% requires the calculation of the probability 
of dispersal based on the resistance of landscape parameters between patches which was 
achieved based on experts opinion and questionnaire survey in this study. Therefore in the 
case where the calculation of 𝐵𝐶% is difficult in terms of data provision, BC can be used as a 
surrogate metric in place of 𝐵𝐶%, and at least for the fat-tailed dunnart in our study area, the 
ranking of patches prioritized in the connectivity network will be similar. The results from 
DC and 𝐷𝐶% were highly correlated suggesting there is no need for the calculation of 
effective distance  as a function of landscape resistance and species dispersal abilities and the 
application of DC is sufficient and needs lower data requirements. The application of 𝐵𝐶 and  𝐵𝐶% has advantageous as the metric enables identifying the important stepping-stones within 
the urban growth boundary where the habitat patches quite small in size.  
In the case where the conservation strategy is to maintain large stepping-stones or large 
habitat patches, then 𝐵𝐶[WXY and 𝐷𝐶[WXY is applicable. These are the cases where the structure 
of urban landscape is heterogeneous in terms of size of habitat patches and so metrics that 
incorporate the area of the patches should be considered. For cases where the size of habitat 
patches does not have a considerable variation, then application of purely topological metrics 
such as DC and BC is sufficient and ecologically informative (BC and 𝐵𝐶[WXY, rho= 0.780; 
for DC and 𝐷𝐶[WXY, rho  = 0.807).   
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Results from the application of metric 𝐵𝐶[WXY showed very low association with results from 
the application of 𝐷𝐶[WXY and thus both metrics show differing information on the 
significance of habitat patches. The difference between the way BC and DC rank the patches 
was shown in previous studies that revealed that BC identifies important stepping stones 
whereas DC detects important habitat patches (Estrada and Bodin 2008; Baranyi et al. 2011). 
In this study by even incorporating the area and probability of dispersal we still noticed that 
the resultant prioritization based on the two metrics are different and so may apply for 
different study purposes.  
The metric C and flux that were used to measure the network connectivity and to weight the 
links in calculation of degree centrality, placed more emphasis on the area of habitats 
compared to the probability of dispersal between the habitats. This fact was also highlighted 
by Laita et al. (2011). There is still uncertainty in relative influence of the area of an 
individual habitat patch with respect to the probability of dispersal within the flux. By 
reducing the influence of the patch area and the emphasis on probability of dispersal, the 
influence of effective distances calculated by least-cost modelling will be increased. This 
influence can also be different per species and species-specific movement characteristics. The 
justification of the relative influence of area and probability of dispersal within the flux metric 
highlights an area for further investigation for future studies specially those that connectivity 
is assessed for multiple species. 
 
5   Conclusions 
This study compared multiple metrics for identifying habitat patches which are important in 
maintaining connectivity of a species habitat patch network. We applied both ecological and 
topological metrics to the habitat networks of the fat-tailed dunnart within Greater 
Metropolitan Melbourne to estimate the contribution of individual habitat patches to the 
connectivity of the network. This study also defined a new class of metrics that integrate both 
the topological and ecological attributes of habitat patches by incorporating the effective 
distance rather than just the Euclidean distance into the dispersal kernel metric. Statistical 
comparison of patch ranking based on each of the metrics revealed similarity and differences 
between the ways each metric rank patches. This study revealed that some metrics such as dC 
and 𝐷𝐶[WXY  results in similar rankings of patch importance and they can use interchangeably. 
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However, other metrics such as  𝐷𝐶[WXY and 𝐵𝐶[WXY differ in the way they rank patch 
importance and provide complementary information. Use of  𝐷𝐶% and 𝐵𝐶%   resulted in 
prioritization similar to topological metrics, 𝐷𝐶	and BC. Therefore this study suggested 
integrated metrics when incorporation of the patch area is necessary in analysis otherwise the 
well applied topological metrics which need lower data requirement are sufficient and 
informative. Overall this study illustrated the importance of understanding the application of 
metrics to suit the research objectives before method and metrics being selected.  
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